Inhibition performances of gemini imidazoline inhibitor on N80 steel in a CO 2 -saturated brine solution have been researched using weight loss and electrochemical methods. The synergistic effects of gemini with other inhibitors have also carried out with chemical and electrochemical measurements. It is shown that the gemini inhibitor can inhibit corrosion effectively. Gemini inhibitor is anodic type. Gemini and other inhibitors exists apparent synergistic effect. The mixed inhibitors demonstrate excellent protection to N80 steel. The best formula of mixture inhibitors is presented, 10 mg/L gemini + 2 mg/L thiourea (TU) + 5 mg/L thiazole (TZ) + 5 mg/L pyridine (PD). The synergistic mechanism of gemini with other inhibitors is also proposed.
INTRODUCTION
Corrosion extensively exists in most processes of oil and natural gas production [1] [2] [3] [4] . Many factors have remarkable effects on the corrosion of carbon steel used in such environment, like water content, partial pressure of gases, temperature, flow rate of fluids, solid particles, the presence of bacteria, salinity, presence and concentration of carbon dioxide and hydrogen sulfide, materials condition, and so on [5] [6] [7] [8] [9] . Therefore, it is a rather complex process for corrosion in petroleum exploitation.
Carbon dioxide exists in most of the wells. It plays an influence on the corrosion of produced liquid. The dissolution of carbon dioxide usually decreases the pH value of the system. Therefore the anodic process of corrosion is often the hydrogen depolarization. In addition, at high temperature and pressure, carbon dioxide is commonly in a supercritical state, in which the corrosion process gets more complicated [10] [11] [12] . Severe acidic corrosion often occurred at tubing string, valves of wellhead, oilfield ground system and re-injection system [13, 14] .
Although higher grade of materials are often applied in practice [15, 16] , adding corrosion inhibitor still remains the most useful and economic measure to alleviate corrosion in most circumstances. In industrial applications, organic molecules with N, O, S and P groups are usually used as main ingredients of commercial corrosion inhibitors. Such groups are commonly excellent electron donor and can provide strong bonding between organic molecule and metal at interface [17, 18] . Such bonding not only can enhance the chemical stability of metal surface, but also can form a barrier between metal matrix and aggressive medium.
In practical application, mixtures of different chemicals with imidazoline are commonly used, not only for better performance but also for economic consideration. The synergistic effect between imidazoline and other chemicals has also been widely investigated [19] [20] [21] [22] [23] [24] [25] . Jingmao Zhao et al. [19] studied the synergistic effect of imidazoline and sodium benzoate at mild steel surface in near neutral environment. Experiment results show that sodium benzoate observably improve the inhibition efficiency of imidazoline. Imidazoline and sodium benzoate exist obviously synergism. A model was also presented to explain the mechanism of synergism. Thiourea (TU) is an important chemical in the formulation of corrosion inhibitor. While it has a relatively narrow dosage in acidic condition, otherwise it will speed up corrosion process. P. C. Okafor et al. [20] found that obviously synergistic effect existed between 2M2 and TU on N80 steel in CO 2 solutions. It is shown that adding of 2M2 enhanced the adsorption of TU. The compounds retard the corrosion reactions via their polycentric adsorption sites on N80 surface. Adsorption of 2M2 meets with Langmuir adsorption isotherm. Numerous synergism studies in regard to imidazolines and halides had been widely reported [21] [22] [23] [24] [25] . The synergistic effect between imidazoline and iodine ions for galvanic corrosion was studied by M. Heydari and M. Javidi [21] . It was proved that I -can change the distribution of excess charge on galvanic electrode, which enhances the adsorption of imidazoline on both electrodes. P. C. Okafor et, al. [22] also proved the synergism between imidazoline and iodine ion in acidic media. The presence of I -increased the inhibition efficiency of imidazoline. The unpolarization potentials were observed in the presence of potassium iodide and it increased with the concentration. However, most of the previous works focused on the synergistic effect of imidazoline and another chemical, usually halides or thiourea. In practice, the formulation of corrosion inhibitor is often consisted of more than three chemicals. More work should be done in synergism of three or more chemicals. In this paper, the inhibition efficiency of gemini imidazoline inhibitor on N80 steel has been studied in a CO 2 -saturated brine solution at 70℃ by weight loss and electrochemical methods. In addition, the synergism of gemini imidazoline inhibitor with other inhibitors are also studied with weight loss and electrochemical measurements. The gemini corrosion inhibitor was synthesized and purified in lab. The synthetic reaction and structural formula of the inhibitor is shown in Fig. 1 . It is shown that it has the imidazoline structure and belongs to gemini type in nature. In addition, the inhibitor behaves asymmetrical structure. Thiourea (TU), thiazole (TZ) and pyridine (PD) were used as inhibitors for synergistic experiments.
The test corrosion medium was composed of 1.265 g/L CaCl 2 , 0.148 g/L Na 2 SO 4 , 2.896 g/L NaCl, 0.556 g/L KCl, 1.309 g/L MgCl 2 ·6H 2 O, 0.497 g/L NaHCO 3 and 0.056 g/L NaCO 3 , which represents the composition of the produced water of an south China offshore oilfield. De-ionized water was used for solution preparation. And all the reagents used in the experiments are analytical grade. The experiments were carried out at 70℃, which is the temperature of production system. N80 steel was used as experimental material with the chemical composition (wt) of C (0.395%), Si (0.242%), Mn (1.400%), P (0.017%), S (0.004%), Cr (0.063%), Ni (0.071%), Mo (0.025%), Cu (0.114%), V (0.110%) and Fe (remainder). Rectangular specimens with surface areas of 1000 mm 2 were used in weight loss measurements. In electrochemical experiments, the rectangular specimens were embedded with epoxy resin, leaving an area of 10 mm × 10 mm exposed to the electrolyte. All specimens were abraded carefully with silicon carbide paper gradually from 800 up to 2000 grits, rinsed with de-ionized water, ethanol, acetone, and dried in cold air before experiments. In weight loss tests, the specimens were immersed into the prepared solution for 72 hours in static condition. The corrosion medium was deaerated and saturated with CO 2 beforehand. After experiments, the corrosion products were wiped off by cleaning solution (10% HCl + 1% Urotropine) and then the corrosion rate was calculated as the following equation:
(
where η stands for inhibition efficiency. r 0 and r are the corrosion rates in the absence and presence of corrosion inhibitor, respectively. Three specimens were used in each measurement.
The electrochemical measurements were conducted by Iviumstat Electrochemical Interface (Iviumtechnologies, Netherlands). The electrolytic cell was filled with 250 ml solution. The corrosion medium was deaerated with N 2 and saturated with CO 2 before electrochemical test. The reference electrode was the saturated calomel electrode (SCE) and platinum bar was served as counter electrode. The working electrode was the finely polished N80 steel. It had been immersed in the test solution for 1 h to monitor the open circuit potential (OCP) before every electrochemical measurements. In polarization curve measurements (PC), the scanning operation was carried out from -0.250 V (vs. OCP) to +0.250 V (vs. OCP) with a scanning rate of 0.3 mV/s. η was calculated as following expression: (2) where I corr(0) and I corr (1) are corrosion current densities in the absence and presence of corrosion inhibitor. In electrochemical impedance spectroscopy measurement (EIS), the amplitude of the applied alternative current was ±10 lmV. All the EIS tests were proceeded at OCP. The range of frequency for EIS was from 10 5 Hz to 10 -2 Hz. Inhibition efficiency for EIS measurements were obtained by the
where R p ' and R p are the charge transfer resistance (Ω cm 2 ) in the presence and absence of corrosion inhibitor, respectively. The surface morphologies after different weight loss tests were compared by scanning electronic microscopy (SEM, EVO MA 15, Zeiss Nano Techno.). shown that the corrosion rates remarkably decrease and η increase with the presence and increase of inhibitor. It also shows the higher the inhibitor concentration, the lower corrosion rates and the higher η, which indicates that the inhibitor is highly efficient in high concentration.
RESULTS AND DISCSSION

Weight loss measurements
Several adsorption isotherms were used to fit the obtained data. Langmuir adsorption isotherm fits the best for the Gemini inhibitor, which accords the following expressions:
where C inh is the inhibitor concentration, θ stands for the surface coverage, K is the adsorptive equilibrium constant, ΔG ads 0 represents the standard free energy of adsorption, R and T are the gas constant and the temperature of measurement , respectively [26, 27] . 3 demonstrates the relationship of C/θ and C without and with different concentrations of gemini inhibitor. The linear regression coefficient is over 0.99, which implies the adsorption process fits Langmuir adsorption well. The ΔG ads 0 for the inhibitor is -28.5 kJ mol -1 . It is generally assumed that the negative value of ΔG ads 0 indicates a spontaneous adsorption of gemini inhibitors at the metal surface [28, 29] . ΔG ads 0 value less than -40 kJ mol -1 indicates charge sharing or transfer from the inhibitor molecules to metal surface, which indicates a chemical adsorption process in nature. While values more than -20 kJ mol -1 are assumed as physical adsorption [22] . In our study, the value of ΔG ads 0 of adsorption is between the range and closer to -20 kJ mol -1 . Hence, physical adsorption is dominated for gemini inhibitor on the metal surface. In order to understand the inhibition mechanism of gemini inhibitor, electrochemical measurements, including polarization curves and EIS were performed in simulated solution at 70℃. Fig. 4 presents the polarization curves of gemini inhibitor in different concentrations. And Table 1 shows the relevant electrochemical parameters fitted from polarization curves, corrosion potential (E corr ), Tafel constants (b a and b c ), corrosion current density (I corr ) and η included. Fig. 4 presents that the presence of gemini inhibitor notably affects the polarization curves. All the polarization curves exhibit typical active dissolution in anode. The presence of any of the inhibitor causes apparent change in position and shape of the polarization curve. The corrosion current density falls with the increase of inhibitor concentration, indicating this inhibitor is very efficient in retarding corrosion of N80 steel. η variations also prove the high efficiency, shown in Table 1 . η values can be higher than 85% at high concentrations, especially it reaches to 95.3% in the concentration of 40 mg/L. The presence of corrosion inhibitor also shifts the corrosion potential E corr to positively, revealing that the inhibitor has more remarkable influence on the anodic reaction than the cathodic reaction. In literature, it is reported that if the shifting in E corr is more than 85 mV, the inhibitor can be classified as a cathodic or anodic type [30] . In our study, the maximum shifting of E corr value is less than 85 mV towards anodic region. While it is obvious in polarization curves that the cathodic reactions are of the same order of magnitude, showing relatively little inhibition, but the anodic reaction is severely inhibited. It can be concluded that it is mainly the anodic reaction prevailing. The inhibition behavior of gemini inhibitor with various concentrations on N80 steel was investigated by EIS measurements. The influence of inhibitor concentration on impedance spectrum is presented in Fig. 5 with Nyquist and Bode plots. The impedance keeps rising with inhibitor concentration. All of the Nyquist plots exhibit depressed capacitive semicircular in all frequency range, which is because of the charge transfer reaction and the roughness and inhomogeneities of the metal surface [31] [32] [33] . The EIS plot in the absence of corrosion inhibitor contains only one capacitive loop, indicating only one electrochemical kinetic process at the interface. It also proves corrosion reaction of N80 steel in CO 2 solution is primarily controlled by charge transfer process. While in the presence of gemini corrosion inhibitor, the appearance of the plots changes remarkably. It is shown that in the presence of gemini inhibitor, two capacitive loops can be seen from Nyquist plot. The one at higher frequency corresponds to the polarization resistance at the interface. The diameter increased with the adding of inhibitor and also rose with the concentration of inhibitor. In the presence of 80 mg/L inhibitor, only one capacitive loop exists. The diameter of the loop is the biggest in all, indicating the best performance of adsorption film at the interface.
Electrochemical behavior of gemini inhibitor
It also can be observed from the Bode plots that the shape in blank solution differs from the one with the presence gemini inhibitor. Typical electrical equivalent circuit can be involved to explain the impedance in the absence and presence of gemini inhibitor. It presents two capacitive loops condition, absence and presence of gemini inhibitor. From the equivalent circuit, R s represents the electrolyte resistance (Ω cm 2 ), R p stands for the charge transfer resistance (Ω cm 2 ) and a constant phase element CPE (Ω -1 s n cm 2 ) is used instead of an ideal capacitor. The CPE is expressed as follows: (6) where Q represents the CPE coefficient, ω is 2πf, n means the phase shift and j stands for the imaginary unit. Table 2 shows all the parameters of EIS of the gemini inhibitors. η values of all conditions were calculated by using R p according to equation (3) . It is shown that the inhibitor presents excellent η, especially at high concentration, which accords the results of weight loss and polarization curve measurements. Figure 6 . Potentiodynamic polarization curves of gemini inhibitor formulated with other inhibitors on N80 steel in a CO 2 -saturated brine solution in static experiments at 70℃.
Synergism of gemini inhibitor with other inhibitors
Electrochemical measurements were performed to explain the synergistic effects of gemini and other inhibitors. Fig. 6 shows synergistic effects in polarization curve results of gemini inhibitor with other inhibitors and Table 3 shows the electrochemical parameters obtained from Fig. 6 . It is shown that both b a and b c considerably decreases with the presence of the mixture inhibitors, indicating the mixture inhibitors inhibit the both cathodic and anodic process. Meantime, E corr moves positively when adding corrosion inhibitors. As mentioned above, the displacement of E corr is less than 85mV in all concentrations for gemini inhibitors, indicating that the gemini are mixed type inhibitor. In the presence of 10 mg/L gemini + 2 mg/L TU and 10 mg/L gemini + 2 mg/L TU + 5 mg/L TZ + 5 mg/L PD, displacements of E corr towards positive direction are over 100 mV. It is obvious that the mixed inhibitors are anodic type corrosion inhibitors. This result suggests that the mixed inhibitors retard the corrosion of steel by inhibiting the anode process of corrosion. 7 shows the Nyquist and Bode plots of N80 steel in the presence of different corrosion inhibitors. Distinct Warburg impedance appears at low frequency region in the presence of gemini inhibitor + TU and gemini inhibitor + TU + TZ + PD, which can be observed from Nyquist plots of gemini inhibitor. The presence of Warburg impedance reveals the mass transport in nature. The slope of diffusion tail is less than 45°. It could be ascribed to the porous inhibitor film developed on the N80 surface. The diffusion impedance element demonstrates the electrochemical process is controlled by diffusion process, in which the aggressive ion, like chloride ion, usually diffuses and adsorbs at the metal surface or corrosion products diffuse away from the metal surface through the inhibitor film to the bulk solution. Such process is the slowest process in all electrochemical processes. And it becomes the control step. All measurements have shown in Nyquist plots that there is only one capacitive loop in medium frequency region. It is always believed that the higher the R p , the better the protective film existed on metal surface. And η of corrosion inhibitor can also be calculated from R p . All electrochemical parameters from EIS are shown in Table 4 . It is shown that the presence of TU and other chemicals enlarges R p greatly. Hence, η increases high up to more than 95%. The N80 surface can be well protected by all the mixture corrosion inhibitors. Surface morphologies of N80 steel surface, without and with different inhibitors obtained from weight loss experiments at 70℃ for 72 h , were examined in SEM. The difference between specimens is apparent, unprotected specimen exhibits very rough surface after cleaning the corrosion products, shown in Fig. 8a. Fig. 8b is the image of N80 in the presence of 20 mg/L gemini inhibitor. It is shown that the surface is partly protected by inhibitor. While apparent corrosion still can be observed. In Fig.c  and Fig.d , the specimens are only slightly corroded. The N80 steels is well protected by mixture inhibitor of gemini + TU + TZ + PD. It demonstrates that the mixture inhibitor has excellent inhibition efficiency on N80 steel in studied condition.
The mechanism of gemini inhibitor
The inhibition mechanism of imidazoline has been thoroughly investigated. It is generally believed that imidazoline molecule adsorbs on metal surface with the hydrophilic group of imidazoline ring, which is excellent electron donor. Meantime, the hydrophobic alkyl chain, forming hydrophobic arrays, stretches into the water to prevent the invasion of aggressive ions in solution, like chloride ion. Monolayer and double layer adsorptions were both proposed and this may be determined by different imidazoline molecular structures. In our study, gemini inhibitor is cationic gemini surfactant and contains imidazoline structure, meaning that at least containing two hydrophilic groups in the molecule. And the adsorption process of inhibitors can be enhanced. The existence of -OH and -NO 2 in gemini inhibitor structure enhances the solubility of the inhibitor and alkyl chain-C 12 H 25 repels the water off the interface. However, the asymmetric structure impedes the gemini inhibitor to adsorb on metal surface with high coverage from stereo-hindrance viewpoint. In addition, only one hydrophobic long chain in structure also hampers the formation of the compact water-resistance layer upon the interface.
When other inhibitors added to the solution, the synergistic effect between gemini inhibitor and other species will occur. The vacancy and uncoated area left by gemini inhibitor will be occupied by TU, TZ and PD. The synergistic effect enhances the coverage of inhibitors on N80 surface. Therefore, after adding mixture inhibitors, corrosion rate decreases and η rises remarkably, both in weight loss or electrochemical measurements.
CONCLUSIONS
The inhibition of gemini imidazoline inhibitor on N80 steel was studied using weight loss and electrochemical methods. The synergistic effects between gemini inhibitor and other inhibitors were also investigated. The following conclusions are obtained.
(1) Weight loss, polarization curve and EIS all proved that the gemini inhibitor has pronounced inhibiting properties in corrosion of N80 steel in produced water. The concentration of inhibitor has remarkable influence on the inhibition efficiencies.
(2) The adsorption of gemini corrosion inhibitor obeys Langmuir adsorption. The value of free energy (ΔG ads 0 ) of adsorption for gemin inhibitor is -28.5 kJ mol -1 , suggesting a mixed type adsorption but primarily physical adsorption.
Polarization curves indicate that the gemini inhibitor is anodic corrosion inhibitor, which inhibits anodic dissolution process.
(4) Experiment results show that gemini and other inhibitors exist apparent synergistic effect. The mixture inhibitors provide excellent protection to N80 steel. The best formula of mixture inhibitors is 10 mg/L gemini + 2 mg/L TU + 5 mg/L TZ + 5 mg/L PD. The synergism between gemini and these chemicals reduces the corrosion rate of N80 and increases the inhibition efficiency remarkably. All the mixture inhibitors are anodic corrosion inhibitors. The mixed inhibitors retard the corrosion of steel by inhibiting the anode process of corrosion.
The inhibition mechanism of gemini inhibitor is determined by the detailed structure. The imidazoline ring and other hydrophilic groups enhance the adsorption and alkyl chain ensures the water-resistance layer. The vacancy and uncoated area left by gemini inhibitor at metal surface can be occupied by TU, TZ and PD. The synergistic effect enhances the coverage of inhibitors on N80 surface.
